In this paper, I present a newly developed model of the magnetic effects of field-aligned currents. The magnetic field of a large-scale field-aligned current system is obtained by summing the magnetic fields of a large number of finite length cylindrical current elements. The resulting magnetic field is valid inside of, near and far away from the model field-aligned currents, both near the ionosphere and in the magnetosphere. The modeling technique allows for the closure of the field-aligned currents along any specified path. In order to investigate the effects of fieldaligned currents on the nightside magnetospheric magnetic field and on mapping between the night-side magnetosphere and ionosphere, I add the effects of region I and II field-aligned currents to an empirical magnetic field model. Using this model, I demonstrate the following three things: (1) reasonable amounts of field-aligned current can cause the ionospheric footprint of a point at geosynchronous orbit to shift in local time by one hour or more; (2) depending on how they are closed, field-aligned currents can cause Bz in the equatorial plane, near midnight, either to increase or to decrease; (3) CPS field lines can cross the equatorial plane 10 RE or more further from the noon-midnight meridian than they would if field-aligned current effects were not included, a result that also depends on how the currents are closed.
INTRODUCTION
Global magnetic field models are an important tool in magnetospheric physics. Several methods are used to develop these models. One is to solve, either numerically or analytically, the equations that are thought to govern the system. Another approach is to measure the magnetic field at locations throughout the magnetosphere and to develop analytical magnetic field models that fit, as closely as possible, these measurements. A third technique is to use a simple field model that corresponds to a clearly specified current system. Models developed using these approaches are referred to as physical, empirical or ad hoc, respectively. An important use of these models is mapping, along magnetic field lines, from the ionosphere to the magnetosphere and vice versa. These mappings require a magnetic field model that is as realistic as is presently possible. Virtually all mappings are carried out using empirical models [e.g., Elphinstone et al., 1991; Pulkkinen et al., 1991] although some studies involve the use of an existing empirical model that has been modified by the addition of an ad hoc model field [e.g., Pulkkinen, 1991] .
Since the development of early empirical models [e.g., Olson and Pfitzer, 1974; Mead and Fairfield, 1975] , models of the Earth's magnetic field have gradually become more realistic. These improvements resulted from the use of better functions to represent the magnetic field, as well as an ever-increasing data base of in situ magnetic field measurements. Since the beginning of the 1980s, the space physics community has adopted the magnetic field models developed by Tsyganenko and Usmanov [1982] and Tsyganenko [1987; 1989] and most efforts made to relate ionospheric ob-A review of observations of field-aligned currents is presented here in order to describe the system to be modeled. The best information available about the actual field-aligned There have been numerous attempts to use particle and field measurements to determine where, in the magnetosphere, field-aligned currents are generated. 
Rationale
The results presented in this paper are produced using an ad hoc model of the magnetic effects of field-aligned currents superposed on the T87 model field. In this section, it is argued that the global effects of the field-aligned currents are not included in empirical models, in general, or in the T87 model, in particular. As well, the rationale behind the decision to add the effects of field-aligned currents to the T87, rather than the T89, model field is presented.
An empirical model of the magnetospheric magnetic field is a vector function which, through adjustment of the parameters A•, is "best fit" to a data base of magnetospheric Empirical models are data-based and there is some expectation that the magnetic effects of the field-aligned currents will be, at least partially, already included in these models; however, there are several reasons why the magnetic effects of the global field-aligned current system are probably not included in the T87 model. First, the averaged data set on which the model is based is unlikely to contain a realistic contribution due to the global system of field-aligned currents flowing in the magnetotail [G. Rostoker, private communication]. This is a consequence of the fact that the average magnetic field at a given location in geocentric solarmagnetospheric (gsm) coordinates determined from a data set, regardless of how the data is binned in terms of geomagnetic activity (i.e., Kp, AE etc.), will be based on data from a variety of real activity levels: thickening and thinning of the CPS as well as flapping of the magnetotail itself will lead to motion of the field-aligned current layers. Thus, for grid points near the high-latitude edge of the plasma sheet where the field-aligned currents are thought to flow, the actual fieldaligned currents are as likely to flow above the observation point as below. Accordingly, over a large data set, some of the effects of the field-aligned currents will cancel out and the data points representing the averaged magnetic field values will not reflect the true size of the contributions of the fieldaligned currents for any individual event. Second, the polynomial function used in the Tsyganenko models allows for a better fit to the data set used than would a model employing the model ring and tail currents alone. One way of looking at this is that the data-fitting technique will obtain values for the parameters associated with the polynomial functions in the model that are chosen in response to the difference between the sum of the best-fit model ring and tail currents and the actual average magnetospheric current system. Stating that the polynomial function models the effects of the fieldaligned currents is to tacitly assume that this difference is almost entirely the average field-aligned current system. If this were demonstrably true then the statement would be reasonable. For several reasons, however, this is probably not the case. For example, Tsyganenko [1989] In light of the argument presented above, it is interesting to look at the field-aligned component T87 model current system. According to Arepete's law, the field-aligned component of the current is
In discussing the field-aligned currents in the magnetosphere it is customary to "normalize" the values of the field-aligned current obtained from equation (4) •. Y=0
The relationship between the magnetic field and the current distribution can be determined from Maxwell's equations. For time-independent situations, Arepete's law follows trivially:
Using Helmholtz's theorem [Arfken, 1985] and working in the Coulomb Gauge [Jackson, 1975] , the tire,independent M•well equations yield the Biot-Sa•rt law:
In the development of models of the magnetic effects of distributed currents within the magnetosphere, it is customary to stipulate a current distribution •d then to use the Biot-Samrt law to determine the corresponding magnetic field. A simple example of this approach is the use of model wire loops to represent currents in the magnetosphere. The magnetic field of any closed circuit made of infinitesimMly thin wire can be determined to arbitrary accuracy using the Biot-Sa•rt law. The standard approach is to construct the loops out of finite length segments of infinitesimMly thin straight wire. The contribution to the integral in equation (9) 
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For the magnetic field given in equation (10) (10) yields a current that is distributed throughout space and yet this magnetic field, according to our naive application of the Biot-Savart law, is that of a straight current carrying wire of finite length. The problem lies in the current distribution used in the original Biot-Savart law integration. This current has a source (at z = zo) and a sink (at z = z•) and therefore the current is not divergence-free and thus is not consistent with any time-independent solution of Maxwell's equations. The Biot-Savart law, however, is the magnetic field that corresponds to a given current distribution for time independent conditions only. The integral in equation (9) is over all space and, consequently, over complete circuits. When a complete model current circuit is constructed using finite lengths of infinitesimally thin straight wire segments, provided the current on every element is the same, the current density will be zero everywhere except on the wire elements. Finite length wire segments were first used to construct models of magnetospheric current systems by Olson and Pfitzer [1974] , who used this technique to model the effects of the ring current and the cross-tail current with closure around the magnetospheric boundary. Figure 6 illustrates that the current flowing along the axis of a type I current element diverts radially away from the axis beyond the "end" of the element and returns, outside of the element (p > a), to flow back into the other end of the element. The magnetic field lines are circles centred on the element's axis. The magnetic field current pattern here is like that of a solenoid, but with the current and magnetic field transposed. For a type II element, the magnetic field lines will again be axisymmetric circles; however, the pattern of the current flow, after it diverts away from the "end" of the cylinder, depends on the selection of the parameter 7. Figure  9 shows that, depending on the value of 7, the current will either flow towards larger z, radially away from the cylinder's axis, or return to the other "end" of the element.
The following example helps to illustrate the rationale behind the choice of functions describing the current ele- A complication arises because of the use of cylindrical current elements and the fact that, in reality, circles in the ionosphere do not map to circles in the magnetosphere. A model flux tube, constructed out of cylindrical elements, will have an increasingly unrealistic cross-section with increasing distance from the Earth. A current sheet constructed from these flux tubes will remain a current sheet; however, the rate at which the current sheet thickens will not be "correct", in the sense that the magnetic flux contained in the current sheet will vary with distance from the Earth. It would be possible to adjust the ttux tube radii so that the magnetic ttux threading a model current sheet does not vary with distance from the Earth. In the present work, however, this has not been done for the following two reasons, one of which applies to the region I currents sheet and the other to region II current sheets. First, in the inner magnetosphere, the difference between the model current sheet thickness and the "correct" current sheet thickness is small except near the equatorial plane, where the current is being diverted into transverse closure current. Therefore, this effect is not important for the model region II currents. Second, although the effect is more important for the region I currents (away from the equatorial plane the ratio of the correct to the modeled layer thicknesses can be 1.5 or more), several processes will broaden a current sheet causing it to have a larger ionospheric footprint than magnetic flux con- The mapping results presented here indicate that, due to the magnetic effects of field-aligned currents, field lines threading the CPS might cross the equatorial plane much further from midnight than mappings based on empirical models that do not include these effects would indicate. This is an important result because, for instance, it could shed light on whether or not high-latitude regions of the evening sector auroral oval are connected to the LLBL along magnetic field lines [cf Rostoker, 1991] . To answer this question convincingly, one way or another, it will be necessary to develop an empirical model that incorporates the global effects of field-aligned currents; however, unless the path of closure of these currents is correct in the model, it is unlikely that the mappings so produced will be any more trustworthy than those available with present models.
This new model is a valuable tool because it allows for the modeling of realistic field-aligned current distributions. The model magnetic field is valid inside of, near and far away from the model field-aligned currents, both near the ionosphere and in the magnetosphere. Furthermore, the modeling technique allows for the closure of field-aligned currents along any specified path. Although I have used model fieldaligned currents that form a simple night-side region I and II current system to generate the results presented in this paper, there is no reason why the magnetic effects of any field-aligned current system could not be modeled with this technique.
The field-aligned current system I have modeled is used to illustrate how these currents might affect both the magnetic field distribution on the night-side and mappings from the ionosphere to the magnetosphere and vice versa. Three other applications of this modeling technique are as follows: (1) model current sheets of finite thickness and width are useful in the interpretation of magnetic field data from lowaltitude satellite passes through field-aligned current structures [Fung and Hoffman, 1992] ; (2) [Stern, 1988] , in an iterative fashion, to produce a model magnetic field that better satisfies a simple stressbalance relationship.
